Abstract-The evolution of today's wireless and mobile technologies and personalized hand-held devices has increased the challenge to handle the trade-off between mobility, performance and cost. The user simply needs to be Always Best Connected (ABC). To make this happen, different types of criteria reflecting relevant characteristics of wireless and mobile access networks such as WLAN, UMTS and GPRS have to be established and judged. In this paper the criteria are divided into three main groups, performance, cost and accessibility. The criteria are fed into a Multi-Criteria Decision Making (MCDM) tool which is able to deliver a ranking of network links in order to become ABC. Finally, a case study with two different Generic Services (GSs) illustrates the decision making process and its outcomes in different situations.
I. INTRODUCTION
Personalized communication and information technology has steadily grown in importance during the recent years. Today, a user has the ability to choose the way to communicate via fixed, wireless or mobile access network. Instead of using one telephone connected to only one provider, one has the option to choose between several services and providers. However, an average user does not necessarily comprehend the offerings and implications of different access networks for different Generic Services (GSs) such as streaming, messaging and interactive [1] . So, the challenge is to choose an acceptable network link for the selected service so that a reasonable performance-cost-accessibility compromise is yielded. In highly dynamic wireless and mobile environments, involving varying numbers of users and volatile transmission conditions, the characteristics of streams of data packets change all the time, which imposes the need of end-to-end monitoring. Also, the amount of simultaneous users which could be connected to the same Access Point (AP) or base station do have some major impacted on the overall performance. Moreover, the problem with interference in the 2.4 GHz Industrial Scientific and Medical (ISM)-band, shared amongst Wireless Local Area Network (WLAN), ZigBee, Bluetooth and microwave ovens, needs to be addressed [2] .
No matter of the conditions and obstacles, the main goal for any end-user is to be Always Best Connected (ABC), i.e. "he or she is not only always connected, but also connected through the best available device and access technology at all times" [3] . "Best" refers to a set of criteria. In the following, a particular criterion known beforehand and not to be changed during a session is defined as a static criterion. If the changes happen within a session, e.g. due to traffic conditions, we speak of a dynamic criterion. Based on given and monitored information, a decision is made from the end-user perspective. This decision and the related parameters depend amongst others on the type of GS to be used. Given the growing mobility of users and the volatility of conditions, necessary changes of access networks need to be carried out during ongoing sessions. This is not enabled by the Internet Protocol (IP) being the most-spread networking protocol today. A change of network means a change of the IP address and thus breaking the session, entailing data loss and the necessity to start over. The dream scenario from the end-user point of view is, however, seamless communications implying switching or roaming between access networks (also called vertical handover) which should be hardly noticed by the end-user.
Most of the approaches to seamless communications are based on Mobile IP (MIP), an extension of IP that requires additional agents in the network. Bakshi et al. [4] are looking at cost effective solutions during active handover for WLAN with Transmission Control Protocol (TCP). Also, Indulska et al. [5] investigate the context-aware vertical handover between WLAN and 3G networks. The prototype was developed to demonstrate vertical handover between WLAN and General Packet Radio Service (GPRS) and vice versa using streaming Joint Photographic Experts Group (JPEG) video. Their results show low delays and low packet losses due to a disconnection and a reconnection, which is mandatory in a Mobile IP scenario. Floroiu et al. [6] have looked at seamless handover using both User Datagram Protocol (UDP) and TCP in Mobile IP for WLAN / GPRS. The results show that the Round Trip Time (RTT) is one of the important parameters indicating performance degradation.
True seamless communications does not allow for delays of losses during the handover process. Åhlund et al. [7] extend MIP to Multihomed Mobile IP (M-MIP) using simultaneously connected links, but still requiring extra functionality in the network. In [8] , we presented a true end-to-end solution for seamless communications, based on a so-called Network Selection Box (NSB) and leaving both IP and the network untouched.
This paper focuses on the decision process that governs the change of networks. We define a framework for this decision process and concentrate on the Multi-Criteria Decision Making (MCDM) tool, based on the Analytic Hierarchy Process (AHP). Hou et al. [9] use a decision making algorithm based entirely on fuzzy logic which belongs to the group of dynamic programming. Qingyang et al. [10] describe a network selection scheme for an integrated cellular/WLAN system. In this system two decision method are used, the AHP and the Grey Relational Analysis (GRA), both targeting ABC and thus the end-user. Åhlund et al. [7] describe a model of handling interference in an access point using the Signal-toNoise Ratio (SNR). The parameters of the criteria used are not related to any GS in contrary to our approach.
The remainder of the paper is organized as follows: In Section II, our decision framework for seamless communications is defined. Section III presents the criteria under consideration. In Section IV the decision model Multi-Criteria Decision Making (MCDM) and the Analytic Hierarchy Process (AHP) are described. This is followed by an outline of metric value translations to be carried out ahead of the decision process in Section V. In Section VI a case study of two types of GSs, namely streaming and messaging, in different situations is given. Finally, in Section VII, the conclusions are presented. Fig. 1 sketches the decision framework of our seamless communication concept. Data and control streams are indicated by thick and thin lines, respectively. Seamless communications needs to address three main components as follows: (1) A Generic Service such as Streaming Service (SS), Messaging Service (MS) and Interactive Service (IS) running in a certain environment (smartphone, PDA, laptop, etc.) puts specific demands on the network selection for ABC, which is taken care of by (2) Seamless Connectivity, the core functionality. It exchanges management information with the application, extracts important information from the data flow and sends the latter to (9) Switch Control Unit, switching between the well-known hidden technologies W(LAN), U(MTS) and G(PRS). The commands for these switches are generated along the control path (3)-(8): (3) Criteria reflect the needs of the GS. They thus can look quite differently and/or be of different importance for different GSs. A distinction is made between inner (performance) and outer (cost, accessibility) criteria. The chosen criteria will be further explained in the next section. or from on-line measurements. In both cases, they have to be linguistically interpreted according to input requirements from the decision method. This and the different paths between (4) and (7) shown in Fig. 1 will be detailed in Section V. (5) There are several ways of processing data into statistics, such as averages, standard deviations, histograms, or autocorrelation coefficients [11] , depending on what is adequate for the final decision. (6) Metric values need to be mapped into a multipoint scale suitable for decision making, which is called transformation. This could be done in different ways, e.g. by comparisons against thresholds or by using Fuzzy Set Theory (FST), which is called an "approximate reasoning" process. (7) The decision method collects multi-point scale data from the previous stages in order to prepare the choice of the network, which preferably has to be carried out in real time while the service is going on. We will take a deeper look at this step in Section IV. (8) The roaming strategy finally generates the control signals for the switch control unit, taking also direct user interference into account.
II. DECISION FRAMEWORK FOR SEAMLESS COMMUNICATIONS
III. CRITERIA The subjective quality combines the human perception and the objective quality [12] . The objective quality consists of four components, transport quality being one of them. The transport could be done via any wireless system, e.g. Universal Mobile Telecommunications System (UMTS), GPRS, or WLAN. Each wireless system has its own characteristics that need to be considered when working toward ABC. Different criteria should be considered, e.g. initial delays of a connection, link capacities, data loss, throughput properties, the payment model for the subscription, coverage etc. Not every criterion has the same importance for every service, as different parameters affect the perception of different GSs in different ways. Fig. 2 presents a hierarchy of criteria with the goal of ABC. To be able to reach this goal three groups have been defined: performance, cost and accessibility: (1) Performance refers to inner criteria related to properties of data transportation as observed from a-priory measurements (static) or from online end-to-end monitoring (dynamic) [8] . Static performance parameters used in our approach are:
• Initial Delays (ID). The setup time for a connection takes time, in some systems more than in others. According to Fiedler et al. [11] , initial delays for GPRS are mostly found within some few seconds, while for UMTS, initial delays up to seven seconds were not uncommon. WLAN connectivity, on the other hand, is perceived as responding instantaneously.
• Link Capacity (LC). This parameter can span several orders of magnitude: GPRS can reach 57 kbps, UMTS 384 kbps and WLAN 54 Mbps.
• Directional Loss (DL). Packet loss for UMTS and GPRS can look very different in different directions. While it can be very low in the uplink direction when a feedbackproviding send function is used in the terminal [11] , it can be arbitrarily high especially for GPRS if there is a capacity mismatch in the downlink direction. Unfortunately, the allocation strategy of GPRS is hidden to the user. As dynamic performance parameters, we use:
• Throughput. Ideally, the temporal characteristics of data streams should not be changed by the network inbetween. Throughput statistics employing short averaging intervals are easily measured and allow for the detection of anomalies stemming from transmission and congestion problems [11] . Links inducing heavy throughput variations should be avoided especially in case of streaming services.
• Losses. For any kind of service, high observed message or packet losses provide indications to search for another, more stable network link.
• Round Trip Time (RTT) provides indications about the cumulative delay in both directions that has a strong influence on the perception of interactive services. Oneway delays may be even more interesting, but hard to measure due to time synchronization problems. Regarding cost, we focus on:
• Time-Based Fee (TBF) and Volume-Based Fee (VBF), which depend on the type of subscription. There is a trend toward time-based flat rate subscriptions. A VBF can become very expensive for streaming services.
• Security. Its impact is considered through its throughput overhead, as in general, secured data packets grow in length. This negative effect of adding security features grows as capacity decreases, which speaks against GPRS and in favor of WLAN. Finally, accessibility is addressed by the following parameters:
• Coverage Area (CA), which depends on frequency bands and power levels used. UMTS and the GPRS cover larger areas compared to the WLAN designed for local scenarios.
• Interference is mainly an issue for WLAN (shares the 2.4 GHz ISM-band with other technologies) and to a certain extent even for UMTS (through the Code-Division Multiple Access).
IV. DECISION METHOD A well known set of methods for decision making is Multi-Criteria Decision Making (MCDM) or Multi Attributive Decision Making (MADM) based on the Analytic Hierarchy Process (AHP). It is a general class of models which deal with decision problems in the presence of a number of decision criteria. The final decision is highly dependent on the preferences of the decision maker and must be a compromise. However, the preferences we expressed as quantities based on measurements and judgments, which will be illustrated in Section V.
A. Analytic Hierarchy Process
The AHP method will be used to select the best link alternative with Quality of Service (QoS) level in mind and was originally proposed by Saaty in [13] to support decision in Management Science [14] ; further references by Saaty are [15] - [19] . It has also been used in several software engineering initiatives [20] - [23] , and several programs have been developed using AHP as a foundation [24] - [28] .
The AHP method for solving decision problems includes five major steps:
• Step 1: Construct the hierarchical structure by breaking down and decomposing the decision problem into several decision elements. • Step 2: Create the input values by pair-wise comparisons of decision elements.
• Step 3: Estimate the relative weights of the decision elements.
• Step 4: Check for consistency.
• Step 5: Synthesize the priorities and combine the relative weights to determine the final set of ratings for and thus a ranking of the different decision alternatives.
B. Step 1
The critical part of decision making is the structuring. This includes the decomposition of the problem into several elements according to their characteristics. In order to model complex decisions correctly and efficiently the following guidelines should be kept in mind:
1) Try to cluster elements so that they include elements that are comparable, or that do not differ too much from each other. This was taken into account when defining the hierarchy shown in Fig. 2 . Its basic form consists of a hierarchy structure with the goal at the top level, inbetween the clustered criteria, and last the alternatives. 2) Do not include more than nine elements in any set.
Experiments have shown that it is challenging for human beings to deal with more than nine factors at one time and this can result in less accurate priorities, demonstrated in [29] . Moreover, as the number of elements being compared increases the measure of inconsistency decreases so slowly that there is insufficient space for improving the assessment as well as the consistency. 3) When it comes to subjective quality, Miller [30] , [31] as early as in 1956 stated an upper limit of short-term memory based on human capacity. It is recommended to use a seven-(plus-minus-two-)point scale [30] .
C. Step 2
The judgments in the AHP are made in pairs a ij , relating the importance of criterion i to that of criterion j. The scale used is represented by the intensities between each other according to the fundamental scale. The fundamental scale is validated according to effectiveness and theoretical justifications according to Saaty [13] . The scale consists of nine levels. To make it even easier to judge, one can use a more restricted scale with five levels: 1 is equal importance, 3 is moderate importance, 5 is strong importance, 7 is very strong or demonstrated importance and 9 is extreme importance.
First, the criteria are compared pair-wise with respect to the goal. A i × j matrix, denoted as A, is created using the comparisons with elements a ij > 0, indicating the importance of criterion i relative to criterion j as shown in Equation (1). Obviously, a ij = 1 when i = j, while a ji = 1/a ij , which reflects the reciprocal importance of criterion j relative to criterion i.
. . .
D. Step 3
After constructing the matrix of comparison, the next step is to determine the weights of the criteria, in which w i is the weight of objective i in the weight vector w = [w 1 , w 2 , · · · , w n ] for n criteria. The objective is to recover vector w from matrix A by finding the solution for some value u of
The matrices A Ck contain judgments of the importance of criteria against each other per group k ∈ {1 = performance, 2 = cost, 3 = accessibility}. The matrices A Akl contain judgments of the importance of attributes per criterion k. In order to determine w i a numerical solution is used [13] that starts with normalizing each column j in A such that
Next, each row i in a is summarized into a vector with elements
Finally, the vector w is obtained as
where w i is the weight of criteria i in the weight vector.
E. Step 4
The next step is to check for consistency. According to [13] four steps are used as follows: 1) Compute λ max , which is the largest eigenvalue of matrix A. 2) Compute the Consistency Index CI(n) = (λ max − n) / (n − 1). 3) Compute the Mean Random Consistency Index, MRCI(n) = (λ max − n) / (n − 1). 4) Compute the Consistency Ratio CR(n) = CI(n) / MRCI(n) and evaluate the consistency, observing ε = 0.052 for a 3 × 3 matrix; ε = 0.089 for a 4 × 4 matrix; and ε 0.1 for a larger matrix.
• If CR(n) = 0 then A is consistent;
F. Step 5
Finally, the last step is to select the alternative that best satisfies the goal, and synthesize the priorities. This is done by multiplying vectors w Ck and w Akl according
The vectors w D1 , w D2 and w D3 represent the ranking of the alternatives WLAN, UMTS and GPRS with regard to performance, cost and accessibility. Finally, the average ranking of these alternatives is computed as
The alternative with the largest value is then selected. This way of synthesizing the priorities is called the distributive mode [13] .
V. METRIC VALUE TRANSLATIONS As pointed out before, the challenge of handling metric values (e.g originally from measurements) to a 9-point scale and subsequent determination of the value a ij arises.
Let our metric values be denoted as Q representing a set of numbers in decimal representation by computers. These numbers represent a physical metric value of some sort. The main goal is to translate the metric value into a scale suitable for a MCDM method.
Before the decision model is being used a path must be selected, for which there are four alternatives as shown in 
A. Example of a Simple Translation
Each measured value is checked toward a set of thresholds. Tab. I shows a simple pseudo-code example in which the value v is chosen based on the interval in which the number of packet losses per observation interval is found. 
B. Example of a Fuzzy Translation
Let us again focus on as introduced in the last subsection. The particular coordinates for the translation based on the membership functions shown in Fig. 4 are given in Equation (5). Now, our metric values can be translated with the help of an irregular polygon into a 9-point scale to be used in the AHP decision tool. 
C. Comparison
We now focus at the processing of data coming from the above-described translation step, cf. link (f) in Fig. 3 ). In the remainder of this subsection, the indexes Akl will be omitted. The comparison between WLAN and UMTS is represented by the local variable a, see Tab. III line 1. If the value is positive, the global variable a 12 is set to the calculated value as in line 3. If the value is negative the global variable a 12 is set to the calculated value as in line 5. The opposite value is translated and saved as shown in line 6. These values are later used in the AHP. This is also done for the combinations WLAN-GPRS and UMTS-GPRS.
VI. CASE STUDY
We consider a case study addressing two types of GS, a streaming service and a messaging service. Tab. IV shows the performance criteria settings in the matrix A C1 . As a streaming service needs to behave well while in operation, the importance of the dynamic criteria (throughput, losses, RTT) is in general higher than the importance of the static ones, which is reflected in values a For a messaging service, things look different, cf. Tab. V. Here, the initial delay is of high to utmost importance (a C1 1j > 1) due to the short-lived nature of the message delivery. The latter also makes a-priori measured static parameters much more relevant than dynamic parameters. For the same reason, capacity and throughput values are less important than losses and RTTs. Regarding cost, the time-based aspect is quite uncritical (a The consistency ratios for both matrices shown in Tab. IV and V lie well below the critical upper limit of 10 %.
A. Basic Scenario
We now look at a scenario in which a streaming service has the possibility to use either WLAN, UMTS and GPRS. From the results in [11] , we deduce the following static performancerelated matrices A Akl :
A A11 Regarding ID, WLAN is much faster than UMTS (a A11 12 = 7) and notably faster than GPRS (a Let us now turn to the messaging service. As messages are short, the difference in link capacities is assumed to be negligible. This implies a Tab. VII shows the outcomes. Again, WLAN is considered outstanding regarding performance (0.587), and UMTS wins the cost battle (0.363). The average rating prioritizes WLAN before UMTS and GPRS. The latter are ranked quite similarly. The cost advantage for UMTS (smaller impact of the security overhead) is eaten up by worse performance mainly due to long IDs. From Tab. VIII, we observe that WLAN dropped seriously in performance and that UMTS became best in all aspects for the streaming service. For the messaging service, see Tab. IX, UMTS and GPRS are almost equal, which again can be related to the better performance of GPRS regarding ID. 
VII. CONCLUSIONS
In this paper, we have discussed and demonstrated the use of Multi-Criteria Decision Making (MCDM) based on the Analytic Hierarchy Process (AHP) for enabling a user being Always Best Connected (ABC) with regards to a set of criteria reflecting the needs of a Generic Service (GS). MCDM and AHP are typically used for management and business decisions in which the human aspect is involved to determine the importance between different criteria and alternatives. However, we have shown that the decision method is useful even for a technical application, namely to choose the appropriate connection between three alternatives WLAN, UMTS and GPRS in the context of seamless communications. We have seen that different criteria for different GS and conditions can make a difference regarding the decision based on performance, cost and accessibility ratings. As the calculations are neither numerous nor complicated, a use for real time link selection is possible. The proposed hierarchy can easily be adapted to own needs and preferences. It can also be expanded by additional criteria and attributes.
Future work includes refinements of the model such as introducing another decision level, yielding additional weights between performance, cost and accessibility. The model will also be connected to operational end-to-end monitoring and tested in real seamless communication scenarios.
